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Edited by Hans EklundAbstract The hydrolytic reaction of family 18 chitinase has
been considered to occur via substrate assisted catalysis. To
kinetically investigate the enzyme reaction mechanism, we
synthesized compounds designed to reduce the polarization of
the carbonyl in N-acetyl group, GlcNAc-GlcN(TFA)-UMB (2)
and GlcNAc-GlcN(TAc)-UMB (3). Kinetic parameters in the
hydrolysis of these compounds by chitinase A from Serratia
marcescens (ChiA) were compared with those from the hydro-
lysis of (GlcNAc)2-UMB (1). The kcat of 2 was 3.4% of 1, but the
Km of 2 was 10-fold that of 1. In contrast, the kcat of 3 was only
0.3% of that of 1, and the two reactions had an identical Km. The
drastic decreases in kcat were probably due to the weak
nucleophilic activity of the C2-N-triﬂuoroacetamide and N-
thioacetamide groups at reducing ends of compounds 2 and 3,
respectively. These results indicate that the anchimeric assis-
tance of the C2 N-acetamide group at GlcNAc plays a key role
in the hydrolytic reactions catalyzed by family 18 chitinases.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In general, the hydrolytic reactions of the retaining glyco-
sidases, such as lysozyme, cellulase, xylanase and endo-1,3-1,4-* Corresponding author. Fax: +81-29-838-7321.
E-mail address: mkitaoka@nfri.aﬀrc.go.jp (M. Kitaoka).
Abbreviations: ChBP, chitobiose phosphorylase; ESI-MS, electrospray
ionization mass spectrometry; GlcNAc, 2-acetamido-2-deoxy-D-glu-
cose; (GlcNAc)n, b-1,4-linked oligosaccharide of GlcNAc with a
polymerisation degree of n; GlcNAc-1-a-F, 2-acetamido-2-deoxy-a-D-
glucopyranosyl ﬂuoride; GlcNAc-GlcN-UMB, 4-methylumbelliferyl
O-(2-acetamido-2-deoxy-b-D-glucopyranosyl)-(1! 4)-2-amino-2-deoxy-
b-D-glucopyranoside; GlcNAc-1-P, 2-acetamide-2-deoxy-a-D-glucose
1-phosphate; GlcNAc-thiazoline, 2-methyl-(1,2-dideoxy-a-D-glucopyr-
ano)-[2,1-d]-2-thiazoline; GlcNAc-UMB, 4-methylumbelliferyl 2-acet-
amide-2-deoxy-b-D-glucose; (GlcNAc)2-UMB, 4-methylumbelliferyl
O-(2-acetamido-2-deoxy-b-D-glucopyranosyl)-(1! 4)-2-acetamido-2-
deoxy-b-D-glucopyranoside; GlcN(TAc)-UMB, 4-methylumbelliferyl-2-
thioacetamido-2-deoxy-b-D-glucopyranoside;GlcNAc-GlcN(TFA)-UMB,
4-methylumbelliferylO-(2-acetamido-2-deoxy-b-D-glucopyranosyl)-
(1! 4)-2-triﬂuoro-acetamido-2-deoxy-b-D-glucopyranoside; GlcNAc-
GlcN(TAc)-UMB, 4-methylumbelliferyl O-(2-acetamido-2-deoxy-b-
D-glucopyranosyl)-(1! 4)-2-thioacetamido-2-deoxy-b-D-glucopyrano-
side; UMB, 4-methylumbelliferone
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the combined action of two acidic catalytic residues, one acting
as a nucleophile and the other as a proton donor [1]. In family
18 chitinases, the proton donor residue has been shown to be a
glutamate, whereas the residue that acts as the nucleophile has
not been detected by either mutational or X-ray diﬀraction
analyses [2–4], indicating that the reaction mechanism of
family 18 chitinases diﬀers from that of other retaining en-
zymes. Similar situations have also been observed with family
20 glycosidases (e.g., b-N-acetylhexosaminidase) and family 56
glycosidases (e.g., hyaluronidase) [5–8].
To explain the mechanism by which hydrolysis occurs via a
single glutamate, a ‘‘substrate-assisted catalysis’’ model has
been proposed [2,9,10]. According to this model, the catalytic
residue (associated glutamate) donates a proton to the oxygen
atom of the glycosidic linkage. The negatively polarized car-
bonyl oxygen of the C2-acetamide group of the substrate then
attacks the C1 carbon in the same pyranose ring as the nucleo-
phile from the a-direction, resulting in cleavage of the glycosidic
linkage and the formation of ‘‘an oxazoline-like intermediate’’
on dissociation of the glutamate (Fig. 1). Finally, the hydroxyl
ion formed through deprotonation of a water molecule by the
dissociated glutamate attacks the C1 of the intermediate from
the b-direction, resulting in retaining hydrolysis.
Using both kinetic and structural analyses, the enzymatic
activity of family 20 glycosidases has been shown to occur by
substrate-assisted catalysis. For example, a family 20 b-N-
acetylhexosaminidase has been shown to hydrolyze
GlcN(TAc)-UMB (4) at a rate 21-fold lower than its hydrolysis
of GlcNAc-UMB (5) [11]. This is a strong support for the
substrate assisted catalysis mechanism, because compound 4
was designed to reduce the polarization of the carbonyl
(thionyl) group in order to weaken the nucleophilic eﬀect of
the oxygen (sulfur) atom. Furthermore, the 3D-structure of a
family-20 b-N-acetylhexosaminidase from Streptomyces plica-
tus complexed with GlcNAc-thiazoline (8) suggested that the
enzymatic hydrolysis proceeded via a cyclic intermediate [5,6].
In family 18 chitinases, this mechanism is supported well by
the structural analyses of chitinase B (ChiB) of Serratia mar-
cescens complexed with various ligands, which suggest that the
carbonyl oxygen in N-acetyl group of the GlcNAc residue at
subsite )1 acts as a nucleophile in the hydrolytic reaction
[4,12,13]. Such structural evidence has also been obtained for
several family 18 chitinases complexed with allosamidin
[pseudo-(GlcNAc)3] (9), which is an analog of the oxazolinium
ion intermediate [2,4,12,14,15]. To date, however, there has
been no kinetic evidence for the occurrence of this mechanismblished by Elsevier B.V. All rights reserved.
Fig. 1. Proposed substrate assisted catalysis mechanism for family 18
chitinases. The mechanism presented is based on the proposals in
[4,14]. AH indicates a catalytic residue of family 18 chitinases (Glu315:
ChiA).
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recently been proposed for chitinase A (ChiA) from S. mar-
cescens, a family 18 chitinase, based on three-dimensional
structures and mutational analysis [16]. According to this
mechanism, the Tyr390 of ChiA participates in the reaction by
binding a water molecule with the aid of the nitrogen atom of
the acetamide group of the GlcNAc residue at the )1 subsite,
without a requirement for the anchimeric assistance of the
carbonyl oxygen. Thus, to understand the reaction mechanism
of family 18 chitinases, it is important to determine the
mechanism of ChiA kinetically.
Although compound 4 is a powerful probe in the investi-
gation of substrate-assisted catalysis, it is not a suitable probe
for family 18 chitinases, because the enzymes do not eﬀec-
tively hydrolyze glycosides of monosaccharides. In contrast,
(GlcNAc)2-UMB (1), a glycoside of a disaccharide, is a
suitable substrate for family 18 chitinases [17], suggesting that
derivatives of compound 1 designed to reduce the electro-
negativity of the carbonyl oxygen of the N-acetyl group at
the reducing end may be good probes. We therefore designed
and synthesized GlcNAc-GlcN(TFA)-UMB (2) and GlcNAc-
GlcN(TAc)-UMB (3), in each of which the N-acetyl group
was selectively replaced by an N-thioacetamide or N-triﬂuo-
roacetamide group at the reducing end of the (GlcNAc)2
moiety. In this report, we describe the synthesis of com-
pounds 2 and 3 by chemo- and enzymatic procedures, and we
show the eﬀect of the replacement of the C2 acetamide group
on ChiA activity.2. Materials and methods
2.1. General methods
NMR spectra were determined using a Bruker DRX600 spec-
trometer operating at 298 K at a proton frequency of 600.13 MHz
and a 13C frequency of 150.15 Mz. Electrospray ionization mass
spectrometry (ESI-MS) spectra were determined using a Bruker
APEX II 70e Fourier transformed ion cyclotron resonance mass
spectrometer.
2.2. Synthesis of GlcNAc-GlcN(TFA)-UMB (2)
Two drops of 28% (w/w) methanolic sodium methoxide were added
to a solution of 4-methylumbelliferyl O-(2-acetamido-3,4,6-tri-O-ace-
tyl-2-deoxy-b-D-glucopyranosyl)-(1! 4)-2-triﬂuoroacetamido-1,3,6-tri-
O-acetyl-2-deoxy-b-D-glucopyranoside (20 mg, 0.024 mmol, [18]) in 8
ml of methanol. After reaction for 18 h at 20 C, 2 drops of glacial
acetic acid were added to neutralize the solution. Silica gel dry chro-
matography of the residue with 17:2:1 ethyl acetate/methanol/H2O as
the eluant yielded 14 mg (0.021 mmol, 89%) of compound 2. 1H NMR
(methanol-d4) d 7.75 (d, J ¼ 8:8 Hz, 1H, H-5) 7.02; (dd, J ¼ 2:5 Hz,
J ¼ 2:5 Hz, 2H, H-6) 6.25 (d, J ¼ 1:3 Hz, 1H, H-3) 5.28 (d, J ¼ 8:5
Hz, 1H, H1) 4.56 (d, J ¼ 8:5 Hz, 1H, H01) 2.46 (d, J ¼ 1:2 Hz, 3H, Ar-
CH3) 2.05 (s, 3H, NHCOCH3);
13C NMR (MeOH-d4) d 174.50(NHCOCH3) 23.13 (NHCOCH3); ESI-MS m=z: 637.18, [M+H]þ
calcd. for C26H31F3N2O13, 637.18.
2.3. Synthesis of GlcNAc-GlcN(TAc)-UMB (3)
Compound 4 was prepared as described elsewhere [11]. GlcNAc-1-
a-F (7) was synthesized by reaction of tetra-O-acetyl GlcNAc with
pyridinium poly(hydrogen ﬂuoride), followed by O-deacetylation us-
ing sodium methoxide in methanol according to a standard proce-
dure [19,20]. Pure chitobiose phosphorylase (ChBP) from Vibrio
proteolyticus [21] (22 U, 7 mg) was added to a solution of compounds
4 (16 mg, 0.030 mmol) and 7 (31 mg, 0.14 mmol) in 30 ml of 50 mM
Bis–Tris buﬀer (pH 7.5). After reaction for 2 days at 25 C, the
glycosides were isolated by Sep-pak C-18 (1 ml, Waters Co. USA),
washed with H2O and extracted with methanol. The reaction prod-
ucts were separated using preparative TLC (PLC plates 20 20 cm
Silicagel 60 F254, 1 mm, MERCK Germany). The ﬁnal yield of
compound 3 was 8 mg (0.013 mmol, 43%), 1H NMR (methanol-d4
and 1 drop of D2O) d 7.69 (d, J ¼ 8:8 Hz, 1H, H-5) 7.00 (d, J ¼ 6:3
Hz, 1H, H-8) 6.98 (d, J ¼ 2:4 Hz, 1H, H-6) 6.21 (d, J ¼ 1:3 Hz, 1H,
H-3) 5.29 (d, J ¼ 8:2 Hz, 1H, H1) 5.00 (dd, J ¼ 9:5 Hz, J ¼ 9:0 Hz,
1H, H20) 4.55 (d, J ¼ 8:5 Hz, 1H, H01) 3.93-3.35 (m, 11 sugar pro-
tons) 2.50 (s, 3H, NHCSCH3) 2.44 (d, J ¼ 1:2 Hz, 3H, Ar-CH3) 2.04
(s, 3H, NHCOCH3);
13C NMR (MeOH-d4 and 1 drops of D2O) d
204.85 (C@S), 174.14 (C@O),163.58 (C@O in coumarin), 161.55
(C700), 155.87 (C100), 155.80 (C400), 127.49 (C500), 116.27 (C400), 115.16
(C600), 112.91 (C300), 104.78 (C800), 103.15 (C1), 99.94 (C10), 80.63
(C5), 78.04 (C50), 76.85 (C4), 75.63 (C30), 74.07 (C3), 71.81 (C40),
62.41 (C60), 61.39 (C2 and C6), 57.21(C20), 33.89 (NHCSCH3), 23.12
(CH3 in coumarin), 18.73 (NHCOCH3); ESI-MS m=z: 599.19,
[M+H]þ calcd. for C26H34N2O12S, 598.18.
2.4. Kinetic analysis
ChiA from S. marcescens was prepared as previously described [17].
ChiA hydrolyses of ﬂuorogenic substrates were performed in 50 mM
sodium phosphate buﬀer (pH 6.0) and the reactions were monitored by
measuring the increase in free UMB ﬂuorescently [17].The kinetic
parameters were calculated by regression of the experimental data into
each appropriate formula using the curve ﬁt method with Kaleida-
graphTM ver. 3.51 (Synergy Software).3. Results and discussion
3.1. Design of the probe substrates
Two derivatives of compound 1 were designed to reduce the
polarity of the carbonyl at the reducing end N-acetyl group.
The triﬂuoromethyl group in 2 withdraws an electron from the
carbon atom of the carbonyl group, resulting in a decrease in
polarization. In compound 3, the thionyl group is less polar-
ized than the carbonyl group because the electronegativity of
the sulfur atom is less than that of the oxygen atom. Thus, the
carbonyl (thionyl) of either 2 or 3 is less nucleophilic than that
of compound 1 (see Fig. 2).
3.2. Synthesis of the probe substrates
The precursor of compound 2, 4-methylumbelliferyl
O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-D-glucopyrano-
syl)-(1! 4)-2-triﬂuoroacetamido-1,3,6-tri-O-acetyl-2-deoxy-
b-D-glucopyranoside, is the precursor of GlcNAc-GlcN-UMB
[18]. Changing the deacetylation method from ammonium gas/
methanol to sodium methoxide/methanol resulted in an intact
N-triﬂuoroacetyl residue, leading to the successful synthesis of
2. To prepare compound 3, we initially attempted direct thi-
onization of the fully O-acetylated derivative of compound 1
using Lawesson’s reagent [22]. This method, however, was not
suitable, because there was no selectivity of thionization at
each N-acetyl group (data not shown). We therefore attempted
to synthesize 3 by the addition of a b (1! 4)-linked GlcNAc to
Fig. 2. Structures of the compounds used in this study. 1, (GlcNAc)2-
UMB; 2, GlcNAc-GlcN(TFA)-UMB; 3, GlcNAc-GlcN(TAc)-UMB;
4, GlcN(TAc)-UMB; 5, GlcNAc-UMB; 6, GlcNAc-1-P; 7, GlcNAc-1-
a-F; 8, GlcNAc-thiazoline; and 9, allosamidin.
Fig. 3. S-v plots of ChiA obtained using GlcNAc-GlcN(TFA)-UMB
(2) and GlcNAc-GlcN(TAc)-UMB (3) as a substrate. (A) Hydrolysis
of 2. The solid line is a theoretical curve based on the Michaelis–
Menten equation. (B) Hydrolysis of 3. The dashed line is a theoretical
curve based on the Michaelis–Menten equation, whereas the solid line
is the theoretical curve obtained by regressing the equation reported in
[17]: v0 ¼ k2½E½S2=ðK þ ½S2 þ ½S3=KiÞ.
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ble, it would require many steps for the selective protection
and deprotection of functional groups. Thus, an enzymatic
process was sought, since it would reduce the protection steps.
We found that compound 1 could be synthesized from Glc-
NAc-1-P (6) and GlcNAc-UMB (5) using ChBP with perfect
regio and stereo speciﬁcities at a good yield (47%) [21]. These
results suggested that this enzyme was versatile and could add
a b (1! 4)-linked GlcNAc residue to compound 5 and its
derivatives. We therefore attempted the enzymatic synthesis of
compound 3 using compound 4 as the acceptor substrate. Due
to the diﬃculty in obtaining compound 6, we changed the
donor substrate to compound 7, which was much easier to
synthesize. The enzymatic synthesis was successful, the yield of
compound 3 being 43%. These results suggest that ChBP is a
versatile tool in the synthesis of various derivatives of glyco-
sides of (GlcNAc)2.
3.3. Hydrolysis of the probe substrates by ChiA
To investigate the anchemeric eﬀect of the N-acetyl group at
the )1 subsite in the reaction, we performed kinetic analysis
with compound 2. The hydrolytic activity of enzyme toward
0.04 mM compound 2 was much lower than that toward
compound 1. The kinetic parameters were calculated by re-Table 1
Kinetic parameters of the hydrolysis of ﬂuorogenic substrates by ChiA
Compound kcat (s1)
(GlcNAc)2-UMB (1) 34.9 3.7
GlcNAc-GlcN(TFA)-UMB (2) 1.2 0.3
GlcNAc-GlcN(TAc)-UMB (3) 0.11 0.01
aKm ¼ K0:5.gressing the S-v data obtained at 0.02–0.2 mM concentrations
with the Michaelis–Menten equation (Fig. 3A). As summa-
rized in Table 1, the kcat decreased to 3.4% of that of com-
pound 1, while the Km increased 10-fold compared with
compound 1. The decrease in kcat suggests that the less po-
larized carbonyl oxygen of the N -triﬂuoroacetyl group was less
active in attacking the C1 carbon of the substrate to form the
cyclic intermediate. In contrast, the increase in Km suggests
that the substitution disturbs the recognition by ChiA, making
these results diﬃcult to explain. It was infeasible to determine
kinetic properties and parameters accurately because the Km
value was calculated to be much higher than the solubility of
compound 2 (less than 0.2 mM).
To obtain further details of the catalytic reaction, we per-
formed kinetic analysis with compound 3. The time courses were
linear at all the substrate concentrations examined within 10%
hydrolyses, unlike those for the hydrolysis of 4 by the family 20
b-N-acetylhexosaminidase [11]. The S-v-curve of compound 3Km (mM) kcat=Km (s1 mM1)
0.059 0.007a 589.4 23.6
0.6 0.2 1.9 0.1
0.063 0.006a 1.8 0.1
310 Y. Honda et al. / FEBS Letters 567 (2004) 307–310hydrolysis by ChiA gave an atypical relationship of the
Michaelis–Menten type (Fig. 3B). A similar sigmoidal kinetic
tendency has been observed for the hydrolysis of 1 by ChiA
[17,23]. This phenomenon can be explained well by an enzyme-
multiple substrate complex [17]. The experimental data were
regressed with the equation given in the legend of Fig. 4 and
based on the competitive substrate inhibitionmodel used for the
hydrolysis of compound 1 [17]. The theoretical line was found to
be in good agreement with the experimental data. Comparing
the parameters, the kcat of compound 3 was 0.3% of that of
compound 1with the identicalKm (Table 1). Thedrastic decrease
in kcat without a change in Km for compound 3 compared with
compound 1 strongly suggests that the decrease in polarity
caused the drastic decrease in kcat. These results indicate that the
polarity of the carbonyl group is strongly related to the enzy-
matic activity and is strong kinetic evidence that the reaction
mechanism of ChiA is substrate-assisted catalysis.
3.4. Reaction mechanism of family 18 chitinases
To date, several high resolution structures of family 18 chitin-
ases complexed with ligands at their active site have been deter-
mined [2,4,12–15].Allosamidin (9) in particular has been utilized
to elucidate the catalytic mechanism of family 18 chitinases be-
cause it is considered to mimic a reaction intermediate.
In a recently proposed alternative mechanism for reactions
of ChiA [16], Tyr390 was hypothesized as playing a key role in
the reaction without considering the anchimeric assistance of
the carbonyl oxygen. We believe that the substrate assistance
model provides a better explanation of our kinetic results,
because it is diﬃcult to account for the substitution eﬀect, that
is the drastic decrease in kcat, without presuming that the
carbonyl oxygen assists in the formation of the oxazoline-like
intermediate. The conserved tyrosine residue (Tyr390 in
ChiA), however, must be involved in the catalytic reaction, as
evidenced by the drastic decrease in the activity of Y!F mu-
tants [14,16,24]. Most probably, this tyrosine residue assists in
the formation and stabilization of the oxazoline-like interme-
diate, as described by Bokma et al. [14] and Bortone et al. [15].
Acknowledgements: This work was supported in part by a grant from
the Program for Promotion of Basic Research Activities for Innovative
Biosciences in Japan.
References
[1] Zechel, D.L. and Withers, S.G. (2001) Curr. Opin. Chem. Biol. 5,
643–649.[2] Terwisscha van Scheltinga, A.C., Armand, S., Kalk, K.H., Isogai,
A., Henrissat, B. and Dijkstra, B.W. (1995) Biochemistry 34,
15619–15623.
[3] Hashimoto, M., Honda, Y., Nikaidou, N., Fukamizo, T. and
Watanabe, T. (2000) J. Biosci. Bioeng. 89, 100–102.
[4] van Aalten, D.M., Komander, D., Synstad, B., Gaseidnes, S.,
Peter, M.G. and Eijsink, V.G. (2001) Proc. Natl. Acad. Sci. USA
98, 8979–8984.
[5] Mark, B.L., Vocadlo, D.J., Knapp, S., Triggs-Raine, B.L.,
Withers, S.G. and James, M.N. (2001) J. Biol. Chem. 276,
10330–10337.
[6] Williams, S.J., Mark, B.L., Vocadlo, D.J., James, M.N. and
Withers, S.G. (2002) J. Biol. Chem. 277, 40055–40065.
[7] Mark, B.L. and James, M.N.G. (2002) Can. J. Chem. 80, 1064–
1074.
[8] Markovic-Housley, Z., Miglierini, G., Soldatova, L., Rizkallah,
P.J., Muller, U. and Schirmer, T. (2000) Structure Fold Des. 8,
1025–1035.
[9] Tews, I., Terwisscha van Scheltinga, A.C., Perrakis, A., Wilson,
K.S. and Dijkstra, B.W. (1997) J. Am. Chem. Soc. 119, 7954–
7959.
[10] Brameld, K.A., Shrader, W.D., Imperiali, B. and Goddard 3rd,
W.A. (1998) J. Mol. Biol. 280, 913–923.
[11] Knapp, S., Vocadlo, D., Gao, Z., Kirk, B., Lou, J. and Withers,
S.G. (1996) J. Am. Chem. Soc. 118, 6804–6805.
[12] Vaaje-Kolstad, G., Houston, D.R., Rao, F.V., Peter, M.G.,
Synstad, B., van Aalten, D.M. and Eijsink, V.G. (2004) Biochim.
Biophys. Acta 1696, 103–111.
[13] Vaaje-Kolstad, G., Vasella, A., Peter, M.G., Netter, C., Houston,
D.R., Westereng, B., Synstad, B., Eijsink, V.G. and van Aalten,
D.M. (2004) J. Biol. Chem. 279, 3612–3619.
[14] Bokma, E., Rozeboom, H.J., Sibbald, M., Dijkstra, B.W. and
Beintema, J.J. (2002) Eur. J. Biochem. 269, 893–901.
[15] Bortone, K., Monzingo, A.F., Ernst, S. and Robertus, J.D. (2002)
J. Mol. Biol. 320, 293–302.
[16] Papanikolau, Y., Prag, G., Tavlas, G., Vorgias, C.E., Oppen-
heim, A.B. and Petratos, K. (2001) Biochemistry 40, 11338–
11343.
[17] Honda, Y., Kitaoka, M., Tokuyasu, K., Sasaki, C., Fukamizo,
T. and Hayashi, K. (2003) J. Biochem. (Tokyo) 133,
253–258.
[18] Honda, Y., Tanimori, S., Kirihata, M., Kaneko, S., Tokuyasu,
K., Hashimoto, M. and Watanabe, T. (2000) Bioorg. Med. Chem.
Lett. 10, 827–829.
[19] Hayashi, M., Hashimoto, M. and Noyori, R. (1984) Chem. Lett.,
1747–1750.
[20] Yokoyama, M. (2000) Carbohydr. Res. 327, 5–14.
[21] Honda, Y., Kitaoka, M. and Hayashi, K. (2004) Biochem. J. 377,
225–232.
[22] Cava, M.P. and Levinson, M.I. (1985) Tetrahedron 41, 5061–
5087.
[23] Brurberg, M.B., Nes, I.F. and Eijsink, V.G. (1996) Microbiology
142, 1581–1589.
[24] Watanabe, T., Ariga, Y., Sato, U., Toratani, T., Hashimoto, M.,
Nikaidou, N., Kezuka, Y., Nonaka, T. and Sugiyama, J. (2003)
Biochem. J. 376, 237–244.
